Abstract A new ambulatory technique for qualitative and quantitative movement analysis of the humerus is presented. 3D gyroscopes attached on the humerus were used to recognize the movement of the arm and to classify it as flexion, abduction and internal/external rotations. The method was first validated in a laboratory setting and then tested on 31 healthy volunteer subjects while carrying the ambulatory system during 8 h of their daily life. For each recording, the periods of sitting, standing and walking during daily activity were detected using an inertial sensor attached on the chest. During each period of daily activity the type of arm movement (flexion, abduction, internal/external rotation) its velocity and frequency (number of movement/hour) were estimated. The results showed that during the whole daily activity and for each activity (i.e. walking, sitting and walking) the frequency of internal/external rotation was significantly higher while the frequency of abduction was the lowest (P \ 0.009). In spite of higher number of flexion, abduction and internal/external rotation in the dominant arm, we have not observed in our population a significant difference with the non-dominant arm, implying that in healthy subjects the arm dominance does not lie considerably on the number of movements. As expected, the frequency of the movement increased from sitting to standing and from standing to walking, while we provide a quantitative value of this change during daily activity. This study provides preliminary evidence that this system is a useful tool for objectively assessing upper-limb activity during daily activity. The results obtained with the healthy population could be used as control data to evaluate arm movement of patients with shoulder diseases during daily activity.
Introduction
Most quantitative approaches for shoulder movement analysis are performed in a laboratory setting where motion capture devices such as camera [9] , electromagnetic [7] , or electromyogram [6, 8] systems are used. Although very accurate and important for movement analysis their use is limited to the restricted volume of the laboratory. In order to quantify the movement that the subject can actually do during daily activity, it is useful to use an ambulatory device that can be carried by the subject during a whole day [1] . Long-term monitoring of shoulder movement (i.e. flexion, abduction and internal/external rotation) before and after intervention provides in this way objective outcomes for the evaluation of treatment. Such a movement monitoring can be performed using inertial sensors (e.g. accelerometers and gyroscope) attached on shoulder segments [3, 4] . However, there is no study currently about the actual number of shoulder movements during daily activities, even though these studies can provide an objective evaluation of shoulder disease and its treatment.
There is a general agreement that patients with rotator cuff impingement, adhesive capsulitis or glenohumeral degenerative diseases have a diminished arm flexion, abduction or internal/external rotation. In spite of complex studies, a precise evaluation of the shoulder movement based on the estimation of the number of movements per hour in real life conditions is still missing.
The goal of this study was twofold: first, validating an algorithm for the detection of the humerus movement of the shoulder (flexion, abduction and internal/external rotations), and second to evaluate the effectiveness of this algorithm during long-term measurements. By validating such an approach, we should provide a clinical tool that can be used to assess the shoulder's function and to find objective scores for outcome evaluation of a shoulder pathology treatment.
Methods

Subjects and materials
A total of 31 healthy subjects (32 years old ± 8; 18 men, 13 women; 23 right handed, 8 left handed) were studied. Right or left handedness was established by a questionnaire. These data were used previously by Coley et al. [3, 4] in order to estimate the dominance of the arm and it position during daily activity. In order to show a clinical application of the proposed methods, one patient suffering from a rotator cuff disease implying a right shoulder supraspinatus rupture of 1 cm 2 (48 years old, right-handed) was studied. In this study two inertial modules with three miniature capacitive gyroscopes (Analog device, ADXRS 250, ±400 deg/s) were fixed by a patch on each dorsal side of the distal humerus and one module with 3D gyroscopes and three miniature accelerometers (Analog device, ADXL 210, ±5 g) on the thorax [2] (Fig. 1) . The sensors on the humerus were placed in such a manner to be aligned with the axis of humerus in order to measure the anterior flexion-extension (pitch), abduction-adduction (yaw) and internalexternal rotation (roll) of the shoulder, and the module fixed on the thorax was used for detecting daily activities (walking, sitting, standing) by using the method proposed by Najafi et al. [10, 11] . The signal from the sensors were amplified and low-pass filtered (cutoff frequency: 17 Hz) to remove any electronic noise and artifacts. The sensors and their conditioning electronics were packaged in a very small box (20 9 20 9 12 mm). All signals were digitized at 200 Hz sampling rate and recorded by two synchronized data loggers (PhysilogÒ, BioAGM, CH) carried on the subject's waist [2] .
Body posture detection
Body posture allocations (sitting and standing) as well as walking periods were detected by the trunk inertial module [10, 11] . The time of sit-stand (respectively stand-sit) transition was detected from the patterns of angular tilt obtained from the gyroscope. Pattern recognition of the vertical acceleration allowed classifying the transition and deciding if the subject was in a standing or a sitting position. A walking period was defined as an interval with at least three gait cycles. The walking state was identified by analyzing the vertical accelerometer every five-seconds. The difference between the right and the left shoulder activity is shown for each period corresponding to sitting, standing and walking.
Detection of the humerus movements
3D angular velocities of the humerus were used to detect the movement and its axis of rotation. The pitch, roll and yaw angular velocities were associated respectively with flexion/extension, internal/external rotation and abduction/ adduction movement of the arm in agreement with ISB standardization proposal [13] . Figure 2 shows the three angular velocities recorded respectively for a flexion movement of 90°, an abduction of 90°and an internal/ external rotation of 90°. During the flexion, the range of the pitch angular velocity was higher than the two other components (yaw and roll). Similar results can be observed for internal/external rotation (i.e. the range of the roll angular velocity was higher than yaw and pitch components) and for abduction (i.e. the range of the yaw angular velocity was higher than pitch and roll components). To detect the shoulder movement, the absolute values of each component of angular velocity (pitch, roll, and yaw) was compared to a threshold (th). The shoulder was considered in movement if at least one component of angular velocity was higher than the th. The type of the movement (FE, AA, I.E) was estimated by considering the component of angular velocity with highest absolute angular velocity. If the highest angular velocity was pitch the movement was defined as a flexion-extension (FE). Similarly, if the highest absolute angular velocity belonged to yaw or roll, the movement was defined as abduction-adduction (AA) or internal/external rotation (I.E) respectively.
The threshold (th) was necessary to avoid the noise of the gyroscopes at rest and to decrease the false detections of the movement. The threshold (th) was adapted (adaptive threshold) every hour during the recording and was estimated for each subject and each humerus. To define th, we searched during each hour of recording all the positive peaks for each of the three angular velocities higher than 10°/s (almost still period of humerus). For each angular velocity, we calculated the average of the peaks. The threshold (th) was fixed to the minimum value of these averages.
Validation setup
To estimate the performance of the algorithm to correctly classify the type of the movement, the 31 subjects carried the system and were asked to perform at their desired velocity 2 flexions, 2 abductions and 2 internal/ external rotations with both arms while in the hospital. For the flexion and abduction subjects started with the arm along the body and performed a 90°elevation while keeping the elbow unbent. The starting position of the internal/external rotation movement was with the upperarm along the body and the elbow flexed at 90°. Subjects were asked to perform an external rotation of 90°. A physiotherapist validated the movements done by the subject. In case of a wrong movement, the physiotherapist asked the subject to perform the movement again. The sensitivity (defined as the ability of the system to correctly identify the true movement) and the specificity (defined as the ability of the system to not generate false detection) were estimated. The sensitivity and the specificity were calculated as follows Sensitivity was defined as 
For example, for the flexion movements the above parameters were defined as follow: the true positives were the numbers of true flexion detected by the algorithm. The false negatives were the numbers of undetected flexion. The true negatives were the numbers of other type of movement detected by the algorithm, which are not true flexion. The false positives were the numbers of false detection as flexion.
Long-term measurement
Each subject carried the ambulatory system during one day (*8 h) at home or wherever he/she went. At the end of recording, the data was transferred to the computer for further analysis, and then the following parameters were estimated • The type of daily activity: sitting, standing and walking.
• The type of the movement: FE, AA and I.E.
• The frequency of each movement: the number of movements per hour recognized as flexion-extension (N FE ), abduction-adduction (N AA ) and internal/external rotation (N IE ). This frequency was estimated for all activity as well as for each type of daily activity.
• The frequency of each movement over three ranges of angular velocities: slow (less than 50 deg/s), medium (between 50 and 100 deg/s) and fast (higher than 100 deg/s).
By definition frequency is normalized by the duration of each activity, it could therefore be a better metric that the number of movements that change with the duration of each activity.
The Wilcoxon ranked sum test was used as a nonparametric hypothesis test to show if there were any significant differences (at a significance level of 5%) in the frequency of each movement. Table 1 summarizes the changes in sensitivity and specificity with the threshold obtained for different type of movement. Adaptive threshold provided excellent performances, while the minimum threshold (10 deg/s) corresponded to the worst cases. A fixed threshold of 33 deg/s, corresponding to the average of all adaptive thresholds during long-term recording, was not satisfying either.
Results
Validation
Long-term measurement
For each subject, walking, sitting and standing postures were recognized over a day (*8 h) and for each posture the frequency of each movement was estimated for each humerus (N FE , N AA , N IE ). Table 2 summarizes the value of the frequency over all activity by dividing the number of movement by the duration of measurement (*8 h). Table 3 reports the value of frequency for each posture, by (Table 3) . However, statistical tests showed that the dominant shoulder and the non-dominant shoulder had no significant difference (P [ 0.1) for the frequency of flexions (N FE ), abductions (N AA ) and internal/external rotations (N IE ) in the sitting and standing posture (Table 2) . Moreover, there was no significant difference (P [ 0.3) between the dominant and non-dominant shoulder in the gait. The frequency of the movement was significantly higher for walking compared to sitting and standing and significantly lower in sitting compared to standing (P \ 0.008). For all postures, as well as during the whole daily activity, we found a significantly higher frequency of movement in internal/external rotation and the lowest frequency of movement in abduction (P \ 0.009).
The change of humerus velocity due to pain
Another aspect, which could be studied in shoulder pathology is the change of humerus velocity due to pain. To highlight this point we have plotted in Fig. 3 for all control subjects the distribution of each movement per hour in three ranges of angular velocity: slow (up to 50 deg/s), medium (between 50 deg/s and 100 deg/s) and fast (more than 100 deg/s). For comparison we have performed a long-term recording with right-handed patient suffering from a rotator cuff tear in the right shoulder.
Discussion
In this study, an ambulatory system was proposed to evaluate the mobility of the shoulder during daily physical activity. The method used the speed of rotation of the humerus and not the orientation of the humerus, avoiding in this way any noise and drift due to time integration of the gyroscope signals to find angles [5] . The performance of the method to detect the movement and classify the movement as FE, AA and IE lies on the adequate choice of the threshold (th). By using an adaptive threshold we provided a better performance since th was modified based on the amplitude of angular velocity in each window of 1 h. We also evaluated the change in th during the validation setup and for the long-term measurement of each subject. We noticed that the mean th (over 8 h and all subjects) was different for the validation phase (th = 52 ± 7 deg/s) where the movement was imposed and the long-term measurement (th = 33 ± 3 deg/s) where the movement was spontaneous. To show the efficacy of the adaptive threshold, we calculated the specificity and the sensitivity in the validation phase with a fixed threshold of 33 deg/s obtained from the long-term measurement. The sensitivities and specificities obtained were lower than those with the adaptive threshold. Based on 3D gyroscopes on both humeri, our method has not only qualified the type of the movement but also quantified the frequency and the speed of the movement in FE, AA and I.E and their change between dominant and non-dominant shoulder during daily activity. Although in our healthy population the dominant shoulder has a higher frequency of the movement compared to non-dominant side, we have not observed a significant level of difference (P [ 0.1). These results would also imply that in healthy subjects the arm predominance does not lie considerably on the number of movements in the arm. If we compare this finding with our recent results, where the dominant and non-dominant arms have significantly different intensity during movement [3] , we can conclude that the frequency should be estimated in terms of the velocity of the movement as proposed in Sect. 2.5 and shown in Fig. 3 .
We observed that the frequency of the movement increased from sitting to standing and from standing to walking. Although this would be expected, since we have more activities during standing and walking compared to sitting, the present study provided a quantitative value of these changes. In addition, in daily activities the most common movement was the internal/external rotation and the less frequent one was the abduction. While the movement of flexion was important during the gait for example, the movements of internal/external rotation were performed during all daily tasks like working in an office, cleaning a table etc. Our proposed technique could be useful to determine daily physical activities which require the most flexion, abduction or internal/external rotations.
As far as our clinical case is concerned, we can conclude that our right-handed patient with a painful right shoulder performed more movements with the left shoulder (nondominant) than the right shoulder (dominant) during his daily activities (Fig. 3) . The frequency of the movement distribution in the healthy non-dominant shoulder is close to the non-dominant shoulder of the control population. The frequency of the movement and the velocity distribution for the patient is higher for the left healthy shoulder than the right painful shoulder. We can expect that this tendency should be logically reversed after the surgery of the shoulder and recovery. Moreover, we can observe more difference in medium and fast movement than slow movement. This again assumes an increase of the frequency of the faster movement after surgery. Futures studies with higher number of patients are needed to confirm these hypotheses and show the shoulder function evolution after surgery.
A potential extrinsic confounding parameter could be the external charge (such as a bag or a suitcase) that the subject can carry during his daily activity with his arm. For example, it is not possible with the proposed method to determine whether a subject is performing ordinary walking or carrying a bag while walking. We can expect that by carrying a bag, the number of flexion will decrease and appears like a disease. Calibrating the ordinary walking of a subject at the beginning of a measurement period or using electromyogram recordings might be a solution. A method which is able to give 3D angles during the daily activity or the intensity of the movement will be complementary to this study. Indeed, the addition of the angles value or the power of the movement with the type of the rotation could illustrate more difference between the left and right shoulder.
Conclusion
Based on the shoulder kinematics, we were able to find the numbers of flexions, abductions and internal/external rotations of the humerus during daily activity for a healthy population. Our proposed system appears especially promising for long-term monitoring: the sensors have low power consumption (17 mA) and with standard batteries the system allows one to record up to 8 h on a memory of 512 MBytes. Monitoring the subjects in their usual environment with minimal interference is therefore possible in contrast with other systems that require a laboratory setting. These results were very encouraging for future evaluation of patients with shoulder injuries. This study will be also very helpful to simulate the performance of the new design of shoulder prosthesis and implants (in laboratory or numerically) because it can provide the actual shoulder movement during daily activity [12] .
